Control of core argon impurity profile by ECH in KSTAR L-mode plasmas by Hong, Joohwan et al.
Strathprints Institutional Repository
Hong, Joohwan and Lee, Seung Hun and Kim, Juhyung and Seon, C.R. 
and Lee, S.G. and Park, G.Y. and Lee, K.D. and Henderson, S.S. and Lee, 
H.Y. and Park, Jae Sun and Jang, Juhyeok and Jang, Siwon and Jeon, 
Taemin and O'Mullane, M. and Choe, Wonhoe (2015) Control of core 
argon impurity profile by ECH in KSTAR L-mode plasmas. Nuclear 
Fusion, 55 (6). ISSN 0029-5515 , http://dx.doi.org/10.1088/0029-
5515/55/6/063016
This version is available at http://strathprints.strath.ac.uk/53352/
Strathprints is  designed  to  allow  users  to  access  the  research  output  of  the  University  of 
Strathclyde. Unless otherwise explicitly stated on the manuscript, Copyright © and Moral Rights 
for the papers on this site are retained by the individual authors and/or other copyright owners. 
Please check the manuscript for details of any other licences that may have been applied. You 
may  not  engage  in  further  distribution  of  the  material  for  any  profitmaking  activities  or  any 
commercial gain. You may freely distribute both the url (http://strathprints.strath.ac.uk/) and the 
content of this paper for research or private study, educational, or not-for-profit purposes without 
prior permission or charge. 






-RRKZDQ +RQJ 6HXQJ +XQ/HH-XK\XQJ .LP &56HRQ6*/HH*<3DUN.'












([SHULPHQWV RQ WUDFH DUJRQ LPSXULW\ WUDQVSRUW LQ /PRGH GLVFKDUJHV ZHUH SHUIRUPHG RQ .RUHD
6XSHUFRQGXFWLQJ 7RNDPDN$GYDQFHG5HVHDUFK.67$5 ZLWK HOHFWURQ F\FORWURQ UHVRQDQFH KHDWLQJ
(&+$UHPLVVLRQ ZDVPHDVXUHGE\VRIW;UD\6;5DUUD\VDQGYDFXXP89989GLDJQRVWLFV$
VLJQLILFDQW UHGXFWLRQ LQ WKHFRUH$UHPLVVLYLW\ ZDVREVHUYHGZLWK FRUH(&+7KHUHGXFWLRQ ZDVWKH
ODUJHVWZLWK RQD[LV KHDWLQJ DQGEHFDPHVPDOOHU ZLWK RXWZDUGKHDWLQJ SRVLWLRQV 7KHGLIIXVLYLW\ DQG
FRQYHFWLRQYHORFLW\RI$UZHUHREWDLQHGE\DQDO\VLVRIWKH6;5GDWDZLWKWKH6$1&2LPSXULW\ WUDQVSRUW
FRGH IRU WKH RQD[LV (&+ DQG WKH QRQ(&+ VKRWV ,Q WKH RQD[LV (&+ FDVH ERWK GLIIXVLYLW\ DQG
FRQYHFWLRQ YHORFLW\ LQFUHDVHG )XUWKHUPRUH WKH FRQYHFWLRQ FKDQJHG LWV GLUHFWLRQ IURP LQZDUG WR
RXWZDUGLQWKHSODVPDFRUHUDUHVXOWLQJLQDKROORZSURILOH RIWKHWRWDO$UGHQVLW\7RJHWKHUZLWK
WKH UHGXFWLRQ LQ WKH 6;5 VLJQDOV WKH KROORZ LPSXULW\ SURILOH LQ WKH FRUHDQG WKH UHYHUVDO RI WKH
FRQYHFWLRQYHORFLW\FRQVLVWHQWO\FRQILUPWKDW(&+FDQUHGXFHLPSXULW\ DFFXPXODWLRQLQWKHFRUHUHJLRQ 
1HRFODVVLFDOLPSXULW\ WUDQVSRUWDQGOLQHDU VWDELOLW\ RIPLFURWXUEXOHQFH ZHUHFDOFXODWHGDQGGLVFXVVHG







&RQWUROOLQJ LPSXULWLHV LQVLGH WKHSODVPD LV DQXUJHQWDQG FULWLFDO LVVXHIRU ,7(5>@ DQGIXWXUH
IXVLRQ UHDFWRUV,PSXULWLHV SURGXFH GHWULPHQWDO HIIHFWVRQ KLJKSHUIRUPDQFH WRNDPDN RSHUDWLRQV E\
GLOXWLQJ WKHPDLQ IXHOLRQVDQGFDXVLQJVLJQLILFDQW UDGLDWLRQ FRROLQJ >@HVSHFLDOO\ LQWKHSODVPDFRUH
YLD OLQH UDGLDWLRQ DQGFRQWLQXXP UDGLDWLRQ VXFK DVEUHPVVWUDKOXQJ DQGUHFRPELQDWLRQ UDGLDWLRQ >@
7KHUHIRUHXQGHUVWDQGLQJDQGILQGLQJ ZD\VWRFRQWUROLPSXULW\ DFFXPXODWLRQ >@LQVLGH WKHSODVPDKDYH
UHFHLYHGPXFKDWWHQWLRQLQ WKHIXVLRQFRPPXQLW\ 8VHRIDX[LOLDU\ KHDWLQJ VXFKDVHOHFWURQF\FORWURQ
KHDWLQJ (&+DQGLRQ F\FORWURQ UHVRQDQFHKHDWLQJ ,&5+KDVEHHQDWWHPSWHGLQYDULRXVGHYLFHVLQ
RUGHU WR DYRLG FRUHDFFXPXODWLRQ 0DQ\ H[SHULPHQWV ZLWK WKRVHKHDWLQJ WRROV KDYH GHPRQVWUDWHGD
UHGXFWLRQ LQ FRUH DFFXPXODWLRQ ZLWK HQKDQFHG LPSXULW\ WUDQVSRUW >@ 2Q WKH WKHRUHWLFDO VLGH
QHRFODVVLFDO WUDQVSRUW WKHRULHV KDYH \HW WR H[SODLQ PDQ\ H[SHULPHQWDO UHVXOWV UHJDUGLQJ LPSXULW\
WUDQVSRUW 7KHUH KDV EHHQ UHFHQWSURJUHVV LQ H[SORULQJ SRVVLEOH PHFKDQLVPV IRU WXUEXOHQFHGULYHQ
LPSXULW\ WUDQVSRUW>@DQGQHRFODVVLFDOWUDQVSRUWLQFOXGLQJ WKHFHQWULIXJDOHIIHFWVIRUKHDY\LPSXULW\
LRQV>@+HUHZHSURYLGHWKHPHDVXUHPHQWVDQGDQDO\VLVRIDUJRQLPSXULW\WUDQVSRUWLQ.67$5LQ





FXUUHQWIODWWRS SKDVH,Q VHFWLRQV  DQG  WKH H[SHULPHQWDO VHWXS DQG GLDJQRVWLFV IRU PHDVXULQJ$U
HPLVVLRQ DQGWKHUDZGDWDDUHGHVFULEHG7KHQWKHDQDO\VLV RI$UWUDQVSRUWFRHIILFLHQWVE\6$1&2LV





>@WRLQYHVWLJDWH WUDQVLHQW$UWUDQVSRUWSKHQRPHQD7KH$U5RVVILOWHUV DUHPDGHRIVRGLXP FKORULGH
1D&O DQG FDOFLXP IOXRULGH &D) ZKRVH DEVRUSWLRQ HGJHV DUH  NH9 DQG  NH9
UHVSHFWLYHO\>@(DFKWUDQVPLWWDQFHFXUYHFRPELQHGZLWKD6LSKRWRGLRGH GHWHFWRULVVKRZQLQ5HI
>@DVDIXQFWLRQRILQFLGHQW SKRWRQ HQHUJ\$GMXVWLQJ WKHWKLFNQHVVRIWKHILOWHUV FDQEDODQFHRXWWKH
;UD\VLJQDOV RXWVLGH WKHUDQJHEHWZHHQWKHWZR.HGJHV7KH$U5RVVILOWHUVSDVVVRIW;UD\SKRWRQV
LQ WKHHQHUJ\UDQJHEHWZHHQWKHWZR.HGJHVFRQWDLQLQJ WKHOLQH HPLVVLRQV RI$UDQG$U7KH;
UD\GHWHFWRUFRQVLVWVRI6LSKRWRGLRGHV 2SWR'LRGH&RUS$;89(/*DOLJQHGVLGHE\VLGHDQG




UHVXOWLQJ LQYLHZLQJ FKRUGVIRUHDFKRIWKHXSDQGGRZQDUUD\V 
  
 
Figure 1.  Line of sight of the up and down SXR channels. The blue dots in the figure indicate ECH 
positions corresponding to r/a = 0, 0.16, 0.30, and 0.59, respectively. The Ar gas was puffed from the 
midplane. 
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Figure 2. Main plasma parameters of (a) non-ECH and (b) on-axis ECH: plasma current Ip, electron 
temperature Te, line-integrated electron density ne, stored energy Wtot, and normalized central soft X-
ray chord signal. The black and red curves represent the non-puffing shot and Ar-puffing shot signals, 
respectively. The plasma conditions are similar to each other except the Ar impurity signals.  
 
Table 1. Description of the experimental conditions. Electron density and temperature are averaged 
between 2 - 2.25 s (yellow box in figure 3(b)) for each shot. 
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Figure 3. (a) Soft X-ray signal due to Ar impurity injection in various ECH conditions normalized by 
ne. (b) Time trace of the core SXR signals. The yellow box indicates Ar influx phase under SANCO 
analysis. (c) Time trace of the core SXR signals that are normalized separately for each shot. 
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Figure 4. The radial profiles of (a) electron density, (b) electron temperature, and (c) ion temperature 
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Figure 5. Red curves are SANCO simulation result, and black dots with error bars indicate Ar 
emissivities in power (W/m2) for the (a) non-ECH case (#7566) and (b) on-axis ECH case (#7574). The 
lines of sight for the channels shown are represented in figure 1 by blue lines. 
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Figure 6. Radial profiles of diffusion and convection coefficients for the (a) non-ECH case and (b) 
on-axis ECH case. The grey-shaded region denotes the high uncertainty region due to low signal-to-
noise ratio of SXR signals. 
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Figure 7. (a) SANCO calculation of the time evolution of radial distribution of total Ar density, and (b) 
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Figure 8. Neoclassical D and V profiles from NCLASS compared with black lines from SANCO 
calculation for the (a) non-ECH shot (#7566) and (b) on-axis ECH shot (#7574). NCLASS results are 
multiplied by 10 for the sake of easy comparison. 
 
Recently, there have been serious theoretical efforts to investigate the dependence of the direction 
of impurity convection on ambient micro-turbulence and convection mechanisms [34, 35]. Turbulence-
driven transport can indeed change the direction of impurity convection, depending on their convection 
mechanisms. While the curvature pinch effect tends to drive impurity inward, the thermo-
diffusion and parallel impurity compression in trapped electron mode (TEM)-driven turbulence can 
produce inward and outward convection, respectively. On the other hand, the directions of thermo-
diffusion and parallel impurity compression in ion temperature gradient (ITG)-driven turbulence are 
opposite to those in TEM, as summarized in table 2. 
 
Table 2. Three types of convective pinch in Weiland multi-fluid model and its direction depending on 
  
turbulence type [36] 
 
The local linear stability analysis of the non-ECH and on-axis ECH shots at the corresponding 
radial positions, r/a = 0.1, 0.2, and 0.3 with the gradient parameters described in table 3, over the 
wavenumber range of ky = 0.1 ± 2.0, with linear gyrokinetic codes [37-39] showed that the unstable 
modes were in the electron diamagnetic direction, as shown in figure 9(a). That is, TEM was the 
dominant instability, and the linear growth rates increased with the on-axis ECH, as shown in figure 
9(b), mainly due to larger electron temperature gradients. The linear results, combined with the 
experimental observation of outward convection with on-axis ECH, seem to suggest that the parallel 
impurity compression pinch in TEM [14] could play a critical role in the observed reversal of the pinch 
direction.  
 
Table 3. Gradient parameters for GENE calculation for each shot 
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Based on the neoclassical calculations and the linear analysis of instabilities for gyroradius-scale 
turbulence, impurity transport, especially a mechanism for the reversal of convection velocity, is thought 
to be anomalous, and its characteristics are TEM-like arising from the electron temperature modified 
by ECH. However, detailed comparison of the experiments with quasi-linear or nonlinear gyrokinetic 
estimates of impurity transport is beyond the scope of this paper and will be explored in future work. 
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Figure 9. GENE linear stability calculation for the non-ECH and on-axis ECH cases. (a) Linear 
frequency and (b) linear growth rates. Blue represents the non-ECH case, and red represents the on-axis 
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